NTR (nitroreductase NfsB from Escherichia coli) is a flavoprotein with broad substrate specificity, reducing nitroaromatics and quinones using either NADPH or NADH. One of its substrates is the prodrug CB1954 (5-[aziridin-1-yl]-2,4-dinitrobenzamide), which is converted into a cytotoxic agent; so NTR/CB1954 has potential for use in cancer gene therapy. However, wild-type NTR has poor kinetics and binding with CB1954, and the mechanism for the reduction of CB1954 by NTR is poorly understood. Computational methods have been utilized to study potential underlying reaction mechanisms so as to identify the order of electron and proton transfers that make up the initial reduction step and the sources of the protons. We have used Molecular Dynamics to examine the nature of the active site of the wild-type enzyme and the preferred binding mode of the substrate. A combination of these results has allowed us to unequivocally identify the reaction mechanism for the reduction of CB1954 by NTR.
Introduction
VDEPT (virus-directed enzyme prodrug therapy) is a gene therapy approach to cancer treatment aimed at overcoming the obstacle of dose-limiting toxicity. A virus, genetically modified to cause the expression of an enzyme within cancer cells, is injected directly into the tumour. The patient is then given an inactive, non-toxic prodrug, which reacts with the enzyme within the cancer cells to produce a cytotoxic compound that kills the cells [1] .
It has been found that the prodrug CB1954 (5-[aziridin-1-yl]-2,4-dinitrobenzamide) and the flavoenzyme NTR (nitroreductase NfsB from Escherichia coli) are a good potential combination for VDEPT [2] [3] [4] . This enzyme/prodrug combination has already reached the clinical trial stage [5, 6] , and although it has clearly demonstrated a certain degree of effectiveness, improvements are desired.
Wild-type E. coli nitroreductase, encoded by the NfsB gene, was initially identified as a target for antibiotics such as NFZ (nitrofurazone) and nitrofurantoin [7] . Although its function within the bacteria is yet to be discovered, it is known to reduce a wide range of nitroaromatics and quinones.
The enzyme exists as a dimer, with a large dimer interface, and each of the identical subunits contains 217 amino acids and an FMN cofactor. NTR has two active sites, formed at the dimer interface by residues from both monomers. The protein itself has a relatively rigid structure and primarily acts as a framework for the reaction between FMN and the sub-strate. There is little structural difference between the oxidized and reduced forms of the enzyme, apart from an increase in the butterfly angle of the isoalloxazine ring across the N5-N10 axis of FMN from 16 to 25
• [7] . Studies of steady-state kinetics have shown that the enzyme reacts via Ping Pong Bi Bi mechanism [7] . First, NAD(P)H binds to the enzyme and donates two electrons to the FMN cofactor. NAD(P) + is then released, allowing the opportunity for the substrate to bind to the active site of the reduced enzyme and thereby be reduced itself [8] . The active site cannot accommodate NAD(P)H and a second substrate simultaneously.
CB1954 is activated by an enzyme-initiated reduction of the 4-nitro group to a hydroxylamine. This hydroxylamine derivative then reacts with acetylthioesters naturally found in the cell to form an N-acetoxy derivative [9] . The initial conversion from a strongly electron-withdrawing nitro group to an electron-donating hydroxylamine effectively acts as a 'switch' to convert the relatively harmless prodrug into a strongly cytotoxic compound.
The activated compound causes DNA-DNA interstrand cross-links to form within the cancer cells. These cross-links are poorly repaired, and lead to cell death in both dividing and non-dividing cells. An advantage of this method is that cells are killed independently of the cell cycle, whereas with some other potential prodrug candidates only replicating cells are destroyed [9] .
NTR may reduce either of the two nitro groups on CB1954 but not both groups of the same molecule. Although both hydroxylamine species are formed in equal proportions and at the same rate, the 4-hydroxylamine product is much more cytotoxic [4] .
As NTR requires NADH or NADPH in order to reduce the nitro group, no extracellular activation occurs, and cell death is limited to cells infected with the genetically modified virus and those neighbouring cells that are killed via the diffusion of activated CB1954 across the cell membrane (bystander effect).
The primary limitations of the NTR/CB1954 combination are a low affinity of NTR for the prodrug and a low reaction rate. CB1954 is not a natural substrate for nitroreductase and so it does not naturally bind well to the enzyme. As a result, a low yield of activated prodrug is observed [4] .
Kinetic studies have shown that the reduction of the nitro group by the enzyme to the nitroso intermediate is the ratelimiting step [7] . Attempts have been made to mutate the enzyme in order to improve yield, as well as increase the preference for 4-nitro reduction, but only moderate progress has been made so far [10] . This is primarily due to the fact that the exact mechanism for the reduction of the prodrug by NTR is unknown.
Proposed reaction mechanisms
It has been determined that the nitro group of CB1954 is reduced to a hydroxylamine via two successive two-electron transfers [11] . Although the reduction of the nitro group to the unstable nitroso intermediate must be performed by the enzyme, it is not necessary for NTR to be involved in the reduction of the nitroso intermediate to hydroxylamine. Therefore the focus of the present study research is on the enzyme-catalysed reduction of the 4-nitro group of CB1954 to a nitroso group.
The overall reduction from nitro to nitroso requires the addition of two protons and two electrons, and whereas the electrons must come from the FMN cofactor of NTR and at least one of the protons must come from solution, the source of the other proton may be FMN or solution.
Traditionally, hydride transfer is considered to be the concerted transfer of one proton and two electrons from the same source; in this case, the FMN. The addition of the proton from solution (for the total of two protons and two electrons) may occur either before or after this hydride transfer. There are two possible acceptors of the hydride: the nitrogen of the nitro group, or one of the oxygens. While hydride transfer to nitrogen requires additional rearrangement in order to form the nitroso, the electropositive nature of the nitrogen makes it worth considering as a potential acceptor for the negative hydride ion.
Hydride transfer requires that either the nitrogen or one of the oxygen atoms of the nitro group comes within van der Waals contact of HN5 of FMN. Electron transfer (where both electrons come from FMN but both protons come from solution) only requires that some part of CB1954 is within van der Waals contact of some part of FMN, whereas the nitro group is exposed to solution, as both the HOMO (highest occupied molecular orbital) of FMN and LUMO (lowest unoccupied molecular orbital) of CB1954 are delocalized across much of their respective molecules.
There is empirical evidence that argues for both hydride transfer and electron transfer. The initial reduction of FMN by NAD(P)H is believed to occur via hydride transfer.
X-ray crystal structures show nicotinic acid, an NAD(P)H analogue, bound with C-4 [the hydride donor in NAD(P)H] directly over N-5 of FMN with a distance and angle consistent with hydride transfer [12, 13] . However, X-ray crystal structures also show NFZ, an antibiotic, bound with the amide group in the active site over N-5, and the nitro group exposed to solution [7] .
It is important to note that in both cases the enzyme was crystallized in the oxidized state, and there is evidence to indicate that there may be different binding preferences for the oxidized and reduced states of the enzyme [7, 14, 15] .
Gas-phase reaction profiles to explore inherent reduction mechanisms
Using the quantum mechanical computation program Gaussian03, revision C.02, with the 6-31G** basis set [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and the MPW1PW91 DFT (density functional theory) functional [28] , reaction profiles were determined for the hydride transfer to oxygen and electron transfer pathways shown in Figure 1 . The pathway for hydride transfer to nitrogen was not examined further, as preliminary gas-phase semi-empirical calculations utilizing the AM1 model [29] indicate that hydride transfer to the nitrogen of the nitro group is thermodynamically unfavourable.
By fixing proton distances, and incrementally moving the protons sequentially from either N-5 of FMN or hydronium (H 3 O + to represent solution) to an oxygen of the nitro group, and calculating the energy of two differing fixed electronic states (singlet for all electrons paired and triplet for two electrons unpaired), the various possible methods of CB1954 reduction have been determined. In all cases, the ribityl tail of the FMN has been replaced with a methyl group in order to decrease computation time.
Gas-phase reaction profiles show that either reaction mechanism (net hydride transfer or electron transfer) is kinetically viable. The relative barrier heights for the two hydride transfer mechanisms (Figures 2A and 2B) show that the order of proton transfer is not critical; the proton from FMN may be transferred either before or after CB1954 obtains a proton from solution.
However, there is no true 'hydride' transfer. In each case, singlet and triplet energies are almost identical for reactant complexes and analysis of occupied orbitals indicates that one electron has been transferred from FMN to CB1954 in the triplet state. There is no crossover in energy between the two states as the first proton is transferred (regardless of its source), resulting in a net hydrogen atom transfer in the intermediate. Transfer of the second proton (again regardless of source) results in a crossover in stability between triplet and singlet states, resulting in a product structure with fully paired electrons. The crossover in stability indicates that this second electron transfer occurs in a concerted fashion with the second proton transfer. Figures 2(A) -2(C) indicate that this pattern (stepwise electron and then proton transfer followed by a concerted electron and proton transfer) is maintained regardless of the sources of the two protons. As the singlet and triplet lines cross for this concerted transfer of the second electron and proton, the true barrier for the transfer will be reduced below that indicated by the intersection of the lines due to the mixing of electronic states (avoided crossing). Breaking of the N-O bond, which results in a nitroso group and the net loss of a water molecule from CB1954, is concerted with the second proton and electron transfer.
The thermodynamic ease of transfer for the first electron appears to be simply a function of the electrostatic environment of the complex. There is a significant stabilization of the triplet state (post-electron transfer) in the electron transfer pathway ( Figure 2C ) because there are two positively charged hydronium ions in the system, whereas there is only one in the 'hydride' transfer system. However, in all cases, the first electron is susceptible to transfer as soon as CB1954 and FMN are sufficiently close, and may not depend on the orientation of CB1954 relative to FMN.
Molecular Dynamics
In order to distinguish the three mechanisms discussed above and to identify which of them were compatible with the orientation of CB1954 bound in the active site of NTR, the Molecular Dynamics program Amber 8 [30, 31] was used to study the binding of CB1954 in the active site of NTR. After a 200 ps equilibration, 10 ns dynamics runs were performed at 300 K on NTR with CB1954 in three primary orientations: two observed in the CB1954/NTR crystal structure (PDB accession code 1IDT [11] ), namely with an oxygen of the 2-nitro group 3.93 Å (1 Å = 0.1 nm) from N-5 (hydride transfer to 2-nitro) and with an oxygen of the 4-nitro group 3.77 Å from N-5 (hydride transfer to 4-nitro). The third orientation is derived from the NFZ/NTR crystal structure (PDB accession code 1YKI [7] ) with the amide of CB1954 overlaying the amide of NFZ (suitable for electron transfer, but not hydride transfer).
The results of these calculations allow us to discount any mechanism that involves net hydride transfer from FMN to CB1954. None of the Molecular Dynamics runs showed the nitro groups of CB1954 remaining sufficiently close to N-5 of FMN. Even with an initial orientation of CB1954 in the active site with an oxygen of the nitro group in contact with N-5 of FMN, after the equilibration step the oxygens of the 4-nitro group were found at an average of 10.4 Å away from N-5 of FMN with a minimum distance of 5.7 Å , whereas the oxygens of the 2-nitro group were found at an average distance of 7.4 Å , with a minimum distance of 5.9 Å . It is interesting to note that while not a single stable orientation was found for any oxygen of either nitro group lying close to N-5 of FMN, the orientation for electron transfer (with the amide of CB1954 over FMN) was found to be stable in several separate simulations. In fact, in one particular simulation, set up for hydride transfer to oxygen, the CB1954 spontaneously reoriented to a position identical with the amide overlay.
Molecular Dynamics calculations also show that both nitro groups are exposed to solvent (Figure 3) , and as such either 
Conclusions
While gas-phase calculations show that net hydride transfer or electron transfer is a thermodynamically feasible reaction pathway, Molecular Dynamics simulations indicate that electron transfer (two electrons from FMN and two protons from solution) is the preferred mechanism for the reduction of CB1954 by wild-type NTR. This has many important implications for the potential to selectively mutate individual amino acids in the active site of NTR in order to improve substrate binding, favour the reduction of the 4-nitro group and increase the overall efficacy of the NTR/CB1954 combination in cancer gene therapy.
